bres with Zo-1. Urea, which generates hyperosmolality, but no transcellular gradient, did not induce changes in Zo-1 protein expression or actin rearrangement. This data indicates that Zo-1 is a response protein to inner medullary tonicity and that extracellular stressors can promote Zo-1 protein expression, tyrosine phosphorylation and cytoskeleton association.
intercellular adhesion mechanisms, which are composed of adherens junctions and tight junctions (TJ). Epithelial TJ are located near the apical cell surface and contain at least 40 different proteins [2] . They are composed of membrane-spanning proteins such as occludin and claudin, whose extracellular domains are connected to opposing TJ of the adjacent epithelial cells. Their intracellular domains bind to soluble TJ scaffolding proteins such as cingulin, multi-PDZ domain protein 1 (MUPP1), symplekin and zonula occludens (Zo) [3] [4] [5] [6] [7] .
The Zo protein family consists of 3 different members, Zo-1, Zo-2 and Zo-3. These TJ scaffolding proteins belong to the MAGUK (membrane-associated guanylate kinase homolog) family, which is characterized by its PDZ domain, SH3 domain and guanylate kinase homologous domain [8] . The members of the Zo family differ primarily in the length of the C terminus, Zo-1 being the largest protein with 210-225 kDa [2, 9] . Zo-1 was the first identified, characterized and is the most widely described TJ cytosolic accessory protein [10] . Zo proteins play a key role in the establishment and maintenance of TJ structure via their ability to form complexes with the apical TJ proteins and actin [11] [12] [13] . Zo-1/2-deficient cultured epithelial cell lines exhibit no paracellular barrier function and Zo-1 is vital for embryonic development in mice [14] [15] [16] . Furthermore, Zo-1 controls cell proliferation and migration as seen in various cancer cell lines and carcinomas, with decreased Zo-1 levels especially in metastases [17] [18] [19] .
Together with occludin and claudin, Zo-1 forms a unique intercellular barrier between adjacent epithelial cells to control the passage of water, ions and macromolecules. This TJ barrier allows the selective exclusion of unnecessary or toxic molecules and the inclusion of useful and necessary components [20] . This is of special importance in the kidney, where the reabsorption of ions through paracellular pathways is crucial for the regulation of the electrolyte and water homeostasis [21] . To perform selective ion reabsorption or excretion, the nephron is composed of a series of functionally distinct segments, each having unique permeability characteristics [9] . The different fluid and solute transport capabilities are established by a varying distribution of TJ barrier components along the nephron: Zo-1 and occludin colocalize with a low expression in the 'leaky' proximal tubule, whereas increasing levels in more distal segments account for a more restrictive barrier phenotype [2, [22] [23] [24] .
Due to their role in the urinary concentration mechanism, renal medullary cells are exposed to an extraordinary hyperosmotic stress [25] . During antidiuresis, when urine osmolality rises to 1,700 mosm/kg, rat renal inner medullary cells are exposed to concentrations of 500 m M NaCl and 1,000 m M urea or more [26] . To survive this hyperosmotic stress and to maintain their integrity as a cell sheet with barrier functions, these cells have to adapt. A great variety of proteins is upregulated and/or activated during hyperosmolality. Among them are kinases, small GTPases as well as cytoskeletal and TJ components [25, 27] . In the present study, we have addressed the question of how osmotic stress affects the TJ scaffolding protein Zo-1 in confluent mouse inner medullary collecting duct cell (mIMCD3) monolayers.
Materials and Methods

Cell Culture Experiments
Mouse Inner Medullary Collecting Duct Cells The mIMCD3 cells (LGC Promochem, Wesel, Germany) were cultured in DMEM:F 12 HAM (1: 1) medium with L -glutamine (2.5 m M ), sodium pyruvate (0.5 m M ), HEPES (15 m M ) and sodium bicarbonate (1,200 mg/l; Sigma-Aldrich, Munich, Germany) containing 10% heat-inactivated FCS-gold (PAA, Pasching, Austria) and a penicillin-streptomycin mixture (50 IU/ml) in a humidified atmosphere of 95% air and 5% CO 2 at 37 ° C. Osmolality of the control medium was 300 mosm/kg H 2 O.
Incubation of mIMCD3 Cells and RNA Isolation mIMCD3 cells were incubated for 9 h with isosmotic medium (300 mosm/kg H 2 O) or hyperosmotic medium (450-900 mosm/ kg H 2 O) with addition of NaCl. mIMCD3 cells were chronically adapted to hyperosmolality by a stepwise increase in osmolality every 12 h over 48 h. To exclude any accompanying effects of hyperosmotic incubation on cell vitality that may affect the detected results, we performed an MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] cytovitality test (Sigma-Aldrich) under isosmotic and hyperosmotic (450-900 mosm/kg H 2 O) incubation conditions. After iso-/hyperosmotic incubation, cells were incubated in a 96-well plate with 10 l MTT for 4 h at 37 ° C, 5% CO 2 . SDS solution (20%; Bio-Rad, Munich, Germany) was added for 2 h (37 ° C, 5% CO 2 ) and optical density was measured. After incubation, total RNA was extracted using Qia Shredder columns (Qiagen, Hilden, Germany) and the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions with additional DNase digestion to remove all traces of genomic DNA.
Reverse Transcription and Real-Time PCR Total RNA was reverse-transcribed into cDNA according to standard protocols as described previously [28] , and real-time PCR was performed on an ABI Prism 7900 detection system (Applied Biosystems, Darmstadt, Germany) using the Quantitect SYBR Green PCR Kit (Qiagen) as described previously [28] . The data was analysed using the SDS 2.2.2 software (Applied Biosystems). The sequences of the used mouse primers are: Zo-1 (forward) 5 -actatgaccatcgcctacgg-3 , Zo-1 (reverse) 5 -attctcaaaaggccgaggtt-3 , MUPP1 (forward) 5 -tgtacca gctggagcttcct-3 , MUPP1 (reverse) 5 -ccgtgctcagttaggctttc-3 , cortactin (forward) 5 -gtgca- [28] . Protein concentrations were determined in duplicate with the method of Pierce. A bicinchoninic acid and copper sulphate mixture (200 l; 50: 1; Sigma-Aldrich) was combined with 10 l of the protein sample and incubated for 1 h at room temperature. Absorption was measured at 560 nm. For Western blot analysis, equal amounts of protein (30 g) were boiled with Laemmli buffer (Bio-Rad) at 95 ° C for 5 min, subjected to SDS-PAGE (10%) and transferred to nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany) by semidry blotting. The membranes were washed, blocked for 90 min with Trisbuffered saline plus 0.1% Tween-20 containing 5% non-fat dry milk and incubated with the primary antibody (polyclonal rabbit anti-Zo-1, 1: 2,000; Invitrogen, Karlsruhe, Germany) overnight at 4 ° C. A horseradish-peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, Calif., USA) was used to detect immunoreactive bands using the enhanced chemiluminescence Western blotting detection system (Amersham Bioscience, UK). The membranes were exposed to Hyperfilm (Amersham-Bioscience).
Afterwards, the nitrocellulose membranes were stripped (30 min at 60 ° C, stripping buffer: 100 m M 2-mercaptoethanol, 2% SDS, 62.5 m M Tris-HCl, pH 7.6), washed and blocked with Trisbuffered saline plus 0.1% Tween-20 containing 5% non-fat dry milk for 90 min before the detection was performed with a goat anti-␤ -actin antibody (1: 1,000; Santa Cruz Biotechnology; 1 h at room temperature) and a donkey anti-goat secondary antibody (1: 2,000; Santa Cruz Biotechnology; 1 h at room temperature) coupled to peroxidase and enhanced chemiluminescence. For semiquantitative analysis, the signals were quantified using the Meta Morph 4.6.9r software from Universal Imaging (Visitron Systems, Puchheim, Germany).
Extraction of the Triton-X-100-Soluble and -Insoluble Protein Fraction
Confluent mIMCD3 cells were treated with isosmotic or hyperosmotic medium as described above and subjected to a protein extraction protocol modified from that of Stamatovic et al. [29] . After incubation, the cells were rinsed with ice-cold PBS, layered with 1 ! ice-cold Triton X-100 extraction buffer [0.5% Triton X-100, 10 m M Tris-HCl (pH 7.4) 100 m M NaCl, 300 m M sucrose] plus 4% protease inhibitor cocktail and incubated with gentle rocking for 20 min at 4 ° C. The supernatant was transferred to a microtube and considered as the Triton-X-100-soluble protein fraction. The plate was subsequently incubated for 15 min on ice with the same volume of RIPA buffer plus 4% protease inhibitor cocktail, the cells were scraped off the plate, transferred to a microtube, sonicated for 5 s and referred to as the Triton-X-100-insoluble protein fraction.
Immunoprecipitation
Confluent mIMCD3 cells were treated with isosmotic or hyperosmotic medium as described. After incubation, the cells were rinsed with ice-cold PBS and incubated with ice-cold cell lysis buffer [20 m M Tris-HCl (pH 7.5), 150 m M NaCl, 1 m M EDTA, 1 m M EGTA, 1% Triton X-100, 2.5 m M sodium pyrophosphate, 1 m M ␤ -glycerophosphate, 1 m M Na 3 VO 4 ] plus 4% protease inhibitor cocktail for 10 min. The cells were scraped off the plate, transferred to a microtube and vortexed. After centrifugation (10 min at 4 ° C), the supernatant was transferred to a fresh microtube. Immobilized phosphotyrosine mouse monoclonal antibody (20 l; Cell Signaling, Danvers, Mass., USA) was added to 500 g total protein. The samples were adjusted to the same total volume and incubated with gentle rocking overnight at 4 ° C followed by microcentrifugation for 30 s at 4 ° C. The pellet was washed 5 times with 500 l ice-cold cell lysis buffer plus 4% protease inhibitor cocktail, resuspended with 20 l Laemmli buffer, vortexed, microcentrifuged for 30 s and boiled at 95 ° C for 5 min. The sample was loaded on a 10% SDS-PAGE gel and analysed by Western blotting as described above.
Fluorescence Microscopy
For indirect immunofluorescence labelling, cultured mIMCD cells were confluently grown on collagen type-I-coated 2-well culture slides (BD Biosciences, Bedford, Mass., USA) and then treated with isosmotic medium (300 mosm/kg H 2 O) or hyperosmotic medium (450 mosm/kg H 2 O) for 24 h. The cells were rinsed twice with PBS and fixed with 3.7% formaldehyde in PBS for 15 min at room temperature. After washing (3 ! 2 min in PBS), the cells were permeabilized with 1% Triton X-100 in PBS for 1 min and blocked for 30 min at room temperature with PBS containing 5% non-fat dry milk. For detection of Zo-1, incubation with the primary antibody (rabbit anti-Zo-1, 1: 150) was performed at 4 ° C overnight in PBS containing 1% non-fat dry milk. After washing, the cells were incubated with the secondary antibody (Alexa-546-conjugated goat anti-rabbit antibody, 1: 500; Santa Cruz Biotechnology; 1 h at room temperature).
F actin was detected with 50 g/ml fluorescein isothiocyanate (FITC) phalloidin (Sigma, Deisenhofen, Germany). The nucleus staining was performed by incubation with trihydrochloride trihydrate (1: 25,000 in PBS; Molecular Probes, Eugene, Oreg., USA) for 2 min at room temperature. The slides were washed with PBS and shielded with the antibleaching Fluorescent Mounting Medium (Dako-Cytoformation, Trappes, France). The fluorescence was examined using a 63 ! oil immersion objective and a Zeiss Axiovert 200 microscope (Zeiss, Jena, Germany). Representative images of each staining, which were done in duplicate, repeated independently and photographed with identical exposure times, are shown. The photographic images were resized, organized and labelled using the Photoshop software (Adobe, San Jose, Calif., USA).
Statistical Analysis
Results are presented as means 8 SE. Statistical significance between experimental groups was assessed by Student's t test or by analysis of variance followed by a t test. A value of p ! 0.05 was considered as statistically significant. 
Results
Effect of Osmolality on Zo-1 mRNA and Protein Expression
Evaluating the impact of hyperosmolality on target gene expression of confluent mIMCD3 cell monolayers after 9 h of incubation by RT-PCR, we detected an osmolality-dependent influence. Zo-1 mRNA was upregulated 1.5-fold after incubation with 450 mosm/kg H 2 O NaCl (p = 0.003), upregulated 1.8-fold with 600 mosm/ kg H 2 O NaCl (p = 5.9 ! 10 -9
) and upregulated 2.6-fold using 900 mosm/kg H 2 O NaCl incubation (p = 8.7 ! 10 -7
; fig. 1 a) . Not only Zo-1, but also MUPP1 and cortactin displayed an osmolality-driven mRNA upregulation. MUPP1 was upregulated 2-fold with 450 mosm/kg H 2 O NaCl (p = 0.0004), 3-fold with 600 mosm/kg H 2 O NaCl (p = 1.9 ! 10 -6
) and 6-fold after incubation with 900 mosm/kg H 2 O NaCl (p = 1.4 ! 10 -7 ). Cortactin was only upregulated 1.4-fold after 9 h of 450 mosm/kg H 2 O NaCl incubation (p = 0.07), but upregulated 1.7-fold with 600 mosm/kg H 2 O (p = 0.001) and 3.7-fold after 900 mosm/kg H 2 O NaCl incubation (p = 0.0004). Using the MTT assay, we ensured that hyperosmotic incubation had no accompanying effects on cell vitality that may affect the detected results ( fig. 1 b) . Hyperosmotic co-incubation of NaCl with urea as well as raffinose with urea had no additional impact on osmolality-driven mRNA upregulation of Zo-1, MUPP1 or cortactin (data not shown). In contrast, after hyperosmotic coincubation of NaCl and raffinose, there was a trend for an additionally induced mRNA expression (data not shown).
Next, we examined the Zo-1 protein expression in confluently grown mIMCD3 cells subjected to hyperosmolality by Western blot analysis. Raising the osmolality to 450 mosm/kg H 2 O by adding NaCl significantly increased the Zo-1 protein expression after an incubation time of only 6 h as compared with isosmotic conditions ( fig. 2 a, d ). The Zo-1 protein induction peaked after 48 h of NaCl incubation. Incubation with raffinose (450 mosm/kg H 2 O) also resulted in a significant increase in Zo-1 protein expression, which was similar in the intensity to mIMCD3 cells treated with NaCl ( fig. 2 b, d ). In contrast, addition of surplus urea (final osmolality 450 mosm/kg H 2 O) had no impact on the Zo-1 protein expression of confluently grown mIMCD cells ( fig. 2 c, d ). Hyperosmotic treatment with NaCl as well as raffinose induced a variable second band. For semiquantitative analysis, the lower band was used.
Influence of Osmolality on Zo-1 Immunofluorescence
Immunochemical staining and fluorescence microscopy were conducted to assess the presence and localization of Zo-1 protein in mIMCD3 cells exposed to high extracellular osmolality. Confluently grown mIMCD3 cell monolayers treated with isosmotic medium displayed the typical polygonal cobblestone morphology. The Zo-1 immunofluorescence formed a continuous honeycomb-like staining ( fig. 3 a) . In accordance with the increased Zo-1 protein expression ( fig. 2 ), confluently grown mIMCD3 monolayers exposed to high osmolality for 24 h by addition of NaCl or raffinose also showed an intensified Zo-1 immunofluorescence ( fig. 3 b, c) . Addition of surplus urea had no influence on Zo-1 immunofluorescence staining (data not shown). After addition of NaCl, raffinose or urea, no changes were observed in the subcellular localization of the Zo-1 immunofluorescence.
Influence of Osmolality on F Actin Fluorescence Staining
To determine the effect of high extracellular osmolality on the subcellular F actin distribution of confluently grown mIMCD3 cell monolayers, F actin was visualized using FITC-labelled phalloidin. Under isosmotic conditions (300 mosm/kg H 2 O), confluently grown mIMCD3 cell monolayers exhibited a distinct cortical F actin ring delineating the cell periphery (arrowhead, fig. 3 a) as well as a network of cell-spanning F actin bundles (arrow, fig. 3 a) . After incubation with hyperosmotic medium for 24 h by addition of NaCl ( fig. 3 b) or raffinose ( fig. 3 c; final osmolality 450 mosm/kg H 2 O), the distribution pattern of F actin was disrupted. The high extracellular osmolality induced a rearrangement of the actin cytoskeleton with a preserved and more pronounced cortical F actin ring, which colocalized with the Zo-1 immunofluorescence. However, high extracellular osmolality due to NaCl or raffinose caused the dissolution of the central stress fibre meshwork, which displayed less developed actin bundles and a more diffuse phalloidin staining pattern.
Influence of Osmolality on the Association of Zo-1 with the Actin Cytoskeleton
The increased Zo-1 expression and altered actin cytoskeleton morphology in response to hyperosmotic stress reported above prompted us to investigate the distribution of Zo-1 protein in the Triton-X-100-soluble and -insoluble fractions as a marker for the interaction of Zo-1 with polymerized actin strands. Western blot analysis of control cells cultured under isosmotic conditions showed the Zo-1 protein to a smaller degree in the Triton-X-100-insoluble, but mainly in the Triton-X-100-soluble fraction. Incubation with hyperosmotic medium (450 mosm/kg H 2 O) by adding NaCl showed only a modest increase in the detergent-soluble Zo-1 protein fraction after 12 h, which peaked after 24 and 30 h ( fig. 4 a) . In contrast, the Triton X-100-insoluble Zo-1 fraction displayed a more rapid and substantial increase in expression levels, which were obvious 6 h after the onset of hyperosmotic stress ( fig. 4 b) . The increased expression of the Triton X-100-insoluble Zo-1 fraction was stable for the following 24 h. A similar rise of the Triton X-100-soluble and -insoluble Zo-1 protein fractions was inducible by incubation with raffinose (450 mosm/kg H 2 O; fig. 4 a, b) . As determined by immunoblotting, the actin content was higher in the detergent-insoluble protein fraction as compared to the soluble fraction ( fig. 4 c) . Hyperosmotic treatment with NaCl or raffinose did not alter the amount of Triton X-100-soluble or -insoluble actin as detected by Western blot analysis ( fig. 4 a, b) .
Impact of Osmolality on Zo-1 Tyrosine Phosphorylation
To evaluate the effect of extracellular hyperosmotic stress on Zo-1 phosphorylation on tyrosine residues, confluently grown mIMCD3 cells were treated with isosmotic medium or hyperosmotic medium (450 mosm/kg H 2 O NaCl or 450 mosm/kg H 2 O raffinose) for different time intervals (6-24 h). The isosmolality-treated control monolayers showed low levels of tyrosine-phosphorylated Zo-1 protein ( fig. 5 ) . Incubation of confluently grown mIMCD3 cells with NaCl 450 mosm/kg H 2 O led to a significant increase in the Zo-1 tyrosine phosphorylation grade after an incubation time of only 6 h ( fig. 5 ) . The Zo-1 tyrosine phosphorylation level displayed a stable pattern for the ensuing 18 h. A similar increase in Zo-1 tyrosine phosphorylation was achieved after treatment with raffinose 450 mosm/kg H 2 O ( fig. 5 ) .
Discussion
Under antidiuretic conditions, NaCl and urea are accumulated in the renal medulla, and subsequently, the inner medullary cells are exposed to varying osmolalities. Terrestrial organisms have the capacity to excrete highly concentrated urines that range from 1,200 mosm/ kg H 2 O in humans up to 5,000 mosm/kg H 2 O in some desert rodents [30] . The mIMCD3 cell line provides a unique tool for studying the adaptive changes to osmotic stress in the collecting duct of the kidney. Extreme changes in inner medullary osmolality induce specific adaptation mechanisms in this type of tubular epithelial kidney cells. Modified expression of proteins, which are involved in organic osmolyte accumulation, ion transport, DNA repair and cell shrinkage, has been described [31] [32] [33] [34] [35] [36] [37] [38] . However, little is known about how cells in coherent epithelial cell sheets maintain their cell-cell contacts despite osmotic cell stress. Since TJ proteins play a key role for the intercellular coherence of epithelial layers, the hypothesis to be tested in this study was if, how and in which time frame Zo-1, which links the apical TJ proteins to the cytoskeleton, is regulated by acute and chronic hyperosmotic stress in inner medullary collecting duct cells.
First, we examined, whether hyperosmolality had an impact on mRNA expression of TJ genes of confluent mIMCD3 monolayers. We detected an upregulation of Zo-1, MUPP1 and cortactin mRNA during hyperosmotic conditions induced by surplus NaCl (450-900 mosm/ kg H 2 O; fig. 1 ) and therefore verified previously published data on the upregulation of MUPP1 [27, 31] . Coincubation of NaCl and urea, a solute that due to its high membrane permeability does not set up a cellular osmotic gradient, resulted in a lower Zo-1 expression level, which, however, did not achieve statistical significance. These data are in line with publications, which stated that the effects of NaCl and urea are not synergistic [39] but Confluently grown mIMCD3 cells were exposed to isosmotic (basal) or hyperosmotic (NaCl or raffinose 450 mosm/kg H 2 O) conditions for different time intervals. Equal amounts of protein (500 g) were subjected to immunoprecipitation with a monoclonal antiphosphotyrosine mouse antibody. Immune complexes were analysed by Western blot using an anti-Zo-1 antibody. ␤ -Actin was used as loading control. Cells treated with isotonic medium expressed a modest amount of tyrosine-phosphorylated Zo-1 (basal). High NaCl or raffinose induced a significant increase in tyrosine phosphorylation of Zo-1 after 6 h, which remained stable for the following 18 h. Semiquantitatively analysed data was collected from 4 independently repeated experiments. * p ! 0.05 versus control.
Zo-1 Regulation by Hyperosmolality
Nephron Physiol 2011;119:p11-p21 p19 may counteract the influence of each other [40] . However, a clear protective effect of urea against cell shrinkage possibly resulting in a decreased Zo-1 induction could not be demonstrated.
Under isosmotic conditions, confluent mIMCD3 cells were found to express substantial, but low levels of Zo-1 protein. However, Zo-1 protein expression increased rapidly upon acute exposure of the cells to osmotic stress after an incubation time of only 6 h, a time frame similar to that of early-response proteins, e.g. AR and SMIT, which are induced during cell volume recovery after high osmotic stress [41] . The upregulation persisted for the observed time interval of 48 h, indicating an early beginning but also long-lasting adaptation mechanism.
However, it is known that NaCl does not only raise the osmolality, but might also have specific effects on the incubated cells by itself, such as the upregulation of the ␥ -subunit of the Na/K-ATPase [30, 42] . Specific effects on the regulation of TJ proteins have not been described yet. To rule out that the increased Zo-1 expression is a specific effect of NaCl, the poorly permeating trisaccharide raffinose was used to reproduce high tonicity. Exposure to raffinose (final osmolality 450 mosm/kg H 2 O) resulted in a similar Zo-1 protein expression, demonstrating that the increase in Zo-1 protein expression is caused by hyperosmolality per se and not by a specific NaCl-induced effect. In contrast, urea did not affect the Zo-1 protein expression of confluent mIMCD3 cell monolayers.
Immunocytochemical examination of Zo-1 in confluent mIMCD3 monolayers treated with high NaCl or raffinose confirmed the increased Zo-1 protein expression by displaying an intensified honeycomb-like Zo-1 immunofluorescence.
The examination of the F actin fluorescence with FITC-labelled phalloidin revealed a hyperosmolality-induced rearrangement of the actin cytoskeleton with a denser cortical actin ring, which colocalized with the Zo-1 immunofluorescence. The cytoskeleton plays a well-known role in the cellular response to osmotic environmental changes, as regards both hypo-and hypertonicity, and changes in the arrangement of the cytoskeleton in different cell lines have been described previously [25, 37, 38, [43] [44] [45] [46] . The denser perijunctional F actin ring and its colocalization with Zo-1 prompted us to examine the interaction of Zo-1 and the actin cytoskeleton in cells forming a confluent monolayer under isosmotic and hyperosmotic conditions. Zo-1 can bind directly to actin filaments [47] , linking apical TJ molecules to the cytoskeleton. In the hyperosmolality-treated confluent mIMCD3 cell monolayers, we observed an increase in the F-actin-bound Zo-1 protein fraction as compared to the control cells, regardless of whether the hypertonicity was due to NaCl or to raffinose. The faster increase in the Triton-X-100-insoluble Zo-1 fraction was probably mainly due to an increased anchorage of Zo-1 to the actin cytoskeleton. In this process, in parallel to the upregulation of the overall Zo-1 protein content in the cell, Zo-1 might be initially taken out of a pool of soluble Zo-1 proteins already existing in the cell with little time delay. A saturation of binding sites is also possible, preventing a further increase in the Triton-X-100-insoluble Zo-1 fraction. In contrast, the increase of Zo-1 in the Triton-X-100-soluble fraction might be mainly caused by an elevated Zo-1 expression by de novo synthesis, which takes more time.
Thus, we assume that the intensified cortical F actin staining might be related to an increased anchorage of actin filaments to scaffolding proteins near the plasma membrane, probably due to the increased amount of Zo-1 expressed and linked to the cytoskeleton.
The exact role of the cytoskeleton in osmoregulation remains speculative. As in other dynamic cell processes such as cell migration and phagocytosis, the F actin assembly is induced by the combined action of kinases, small GTPases and actin-binding proteins, for example Arp2/3 and cortactin [46, 47] . Numerous actin-regulating proteins, including Src kinases, phosphatases, small GTPases and the phosphatidylinositol 3-kinase have been shown to be associated with the TJ complex and to play a role for TJ regulation [25, 48, 49] , and Zo-1 directly interacts with cortactin in polarized and migrating colorectal cancer cells. Being integrated in a complex array of membrane spanning and cytoskeletal proteins involved in signalling cascades, the TJ scaffolding proteins might constitute an important link between the extracellular and the intracellular space. In demonstrating an upregulation of cortactin mRNA in parallel with Zo-1 mRNA in response to hyperosmolality, our data support this hypothesis.
TJ in confluent cell monolayers are among the first cell structures to be affected by hypertonicity-induced cell shrinkage, since they are exposed to intercellular traction forces when the adjacent cell membranes retreat from each other. Together with the numerous signal transduction molecules identified in the TJ complex, the TJ scaffolding proteins might initiate signalling cascades leading to actin-mediated mechanical protection against the deleterious effects of excessive shrinkage as well as their own assembly and disassembly. Fast Zo-1 regulation might therefore be essential for an adequate response to high tonicity in confluent cell monolayers in order to p20 maintain cell-cell contacts. Especially phosphorylation seems to be an important factor in the manipulation of Zo-1 and other TJ proteins in a so far controversially discussed manner. Phosphorylation of TJ proteins might sustain TJ integrity as the reassembly of TJ after oxidative stress depends on tyrosine kinase activity [50] . Zo-1 tyrosine phosphorylation is associated with Zo-1 redistribution from the lateral membrane to the apical cell borders in A431 cells [51] and with the formation of TJ in glomeruli [52] , suggesting that tyrosine phosphorylation of Zo-1 is involved in targeting these proteins into the TJ. On the other hand, Src-mediated tyrosine phosphorylation of occludin prevents its interaction with Zo-1 [53] and enhances the permeability of the blood-brain barrier after a transient focal cerebral ischaemia [54] , and Zo-1 tyrosine phosphorylation is correlated with enhanced vascular permeability and decreased transepithelial resistance of Madin-Darby canine kidney cell layers [1, 55] . Thus, Zo-1 tyrosine phosphorylation plays an important role in enhanced permeability and junctional remodelling and is involved in the regulation of both the disassembly and the reassembly of TJ. In the present study, we show that hyperosmotic stress caused by NaCl or raffinose promotes Zo-1 tyrosine phosphorylation, which, in this setting, may be part of an outside-in-signalling pathway during high extracellular tonicity. In conclusion, our experiments indicate that the TJ scaffolding protein Zo-1 is a response protein to hyperosmolality in confluent mIMCD3 cell layers and that extracellular stressors can promote Zo-1 mRNA and protein expression, tyrosine phosphorylation and F actin association.
